The Chuquicamata underground project 
Introduction
The Chuquicamata underground project in the Atacama Desert in northern Chile (see Figure 1) is one of the largest planned block caving operations in the world. The mining project contemplates the implementation of a block cave method with macro-blocks options to extract copper ore (Codelco, 2007; VCP-Codelco, 2009; SRK Consulting Ltda., 2008 . VCP-Codelco is already finishing a prefeasibility engineering study for this project, which considers the construction and operation of at least two macro-block mining units to be operated independently from each other. A critical design aspect for this project corresponds to controlling potential stress concentrations in certain critical areas of the excavations, such as pillars abutments and rib-pillars. This paper describes the main aspects of the Chuquicamata underground project by focusing on the 3D numerical models that were performed to evaluate the macro-block extraction options for this block cave.
Geological and geotechnical units for Chuquicamata underground project
The Chuquicamata porphyry copper deposit is a prismatic body that dips towards the west. Figure 2 shows a plan view of the deposit at the extraction level (located 1,841 m above sea level). Mineralisation was controlled by the West Fault which forms the hangingwall of the deposit. The West Fault is a major regional fault with almost north-south trend, 4-6 m in thickness and an associated 150-200 m wide shear or breccia zone (see Figure 2) . The predominant rock types in the underground mine will correspond to granodiorites and porphyries in contact with the West Fault. This last area represents a shear zone with poor to very poor geotechnical quality. On the eastern side of the West Fault a massive quartz-sericitic rock unit occurs; beyond this, porphyries with different types of alteration are present. The main rock mass types at Chuquicamata underground project are summarised in Figure 2 . A simplified set of geotechnical units considered in this study is shown in Figure 3 .
The geotechnical characterisation of the Chuquicamata underground site has been carried out based on geological-geotechnical borehole logging and surface mapping information (Karzulovic, 2007) . The quality of the rock mass has been rated using the rock mass rating (RMR) system by Laubscher (1990) and GSI by Hoek et al. (2002) . The rock mass properties for the geotechnical units have been determined by the HoekBrown failure criterion (Hoek, 1994) using the software ROCLAB (available from wwww.rocscience.com). Laboratory testing results, unconfined and triaxial compression tests of intact core-logging samples, were used as input data for the Roclab analysis. Estimation of rock mass properties calibrations have been also conducted in exploration drifts (Karzulovic, 2007) . Table 1 summarises mean geotechnical properties parameters for the various rock mass units considered in the 3D models.
The pre-mining in situ stress field was provided by VCP-Codelco (2009) and is given by the following principal stress components: Note: γ is the bulk unit weight of the rock mass; σ ci is the unconfined compression strength of intact rock; m i is the Hoek-Brown parameter; GSI is the Geological Strength Index; σ t = is the uniaxial tensile strength of the rock mass; E the rock mass Young's Modulus; ν is Poisson's ratio; c is the equivalent rock mass cohesion; ϕ is the equivalent rock mass internal friction angle parameters; E, ν, c and ϕ computed with software ROCLAB, using a confined stress of σ ci < 10 MPa.
Numerical modelling overview

Objective
The main objective of the numerical modelling corresponds to quantifying stress concentrations in certain critical areas of the planned infrastructure: access, drifts, pillars, rib-pillars, etc. The most relevant assumptions are summarised below.
Assumptions and considerations
Drifts and galleries for the extraction and undercut levels have been considered by a 4 m square cross section; 14 m undercutting height and 25 m of undercut advance were considered; a 16 m (from floor to floor) crown pillar was analysed; caving scheme corresponds to 'El Teniente' layout for the extraction level excavations with an associated 15 × 16 m grid; conventional block caving method with macro-block variant was considered; a 10 m uniform thickness West Fault zone was incorporated into the analysis.
Six different caving options have been considered in the study. These options, referred to as caving options #1 through caving options #6, do have the following characteristics:
• Caving option #1: a pillar of width 20 m is left at the undercutting level between macro-blocks MB1 and MB2.
• Caving option #2: a pillar of width 30 m is left at the undercutting level between macro-blocks MB1 and MB2.
• Caving option #3: this caving option is similar to the caving option 1, except that the pillar at the undercutting level next to macro-block MB1 is removed before preparation of macro-block MB2 takes place.
• Caving option #4: the option is similar to the caving option 2, except that the pillar at the undercutting level next to macro-block MB1 is removed before preparation of macro-block MB2 takes place.
• Caving option #5: the option is similar to the caving option 1, except that the pillar at the undercutting level next to macro-block MB2 is removed during extraction of the macro-block MB1.
• Caving option #6: the option is similar to the caving option 2, except that the pillar at the undercutting level next to macro-block MB2 is removed during extraction of the macro-block MB1.
Figures 4 and 5 show the different caving options considered in the study. The figures also indicate the mining sequence (i.e. caving progress in time) provided by VCP-Codelco (Hoek, 1994) . The numerical models for this project have been generated using the FLAC3D code (www.itasca.com). Detailed geometrical features of the caving infrastructure, as well as the lithological units encountered at the underground project, were incorporated into the models, as shown in 
Numerical models results
The following is a summary of results obtained from the numerical study carried out for Chuquicamata underground project, as reported in detail in SRK Consulting Ltda. (2008): 1. In general, the abutment stress reaches 75-85 MPa for caving option #1 and #2, whilst the abutment stress for others options is lower than 50 MPa -see Figure 7 .
2. High abutment stresses are concentrated within the RQS (Q > S) geotechnical unit whilst high cumulative deformations occurs for RQS (Q < S) and RQS (Q = S) geotechnical units, both for options #1 and #2, as shown in Figure 8 .
3. Extensive low stress zones represented by the minor principal stress are observed 10 m below the extraction level for options #3 to #6. The low stress zone for options #1 and #2 is significantly smaller compared to the other options, as shown in Figure 9 .
4. Figure 10 shows the stress path for a point located 10 m above the extraction level floor in the macro-block pillar. For caving options #1 and #2, the peak strength of the rock mass is exceeded at year 3 (undercutting of MB2), while for options #3 and #4, the peak strength of the rock mass is exceeded at year 2 (undercutting of MB1). For options #5 and #6, significant stress reduction that would induce potential de-confinement (de-stressing) failure mechanisms is observed at year 3.
5. Figure 11 shows the stress path for a point located 2 m above the extraction level floor in the macro-block pillar. For options #1, #2, #3 and #4, the peak strength of the rock mass is not exceeded at any year (no failure occurs). For options #5 and #6, significant stress reduction that would induce potential de-confinement (de-stressing) failure mechanisms is observed at year 3. 
Conclusion
This paper has presented a general description of a geomechanical stress analysis performed for the Chuquicamata underground project in Chile. Based on geological and geotechnical characterisation of the site, and by using 3D elasto-plastic numerical models, stability for the macro-block caving options proposed for the project, has been assessed.
The results obtained from the analyses suggest that caving option #6 leads to a smaller abutment stress concentration. Additionally for option #6, the analysis suggests significant stress reductions (or de-confinement) , that could potentially trigger several geotechnical instabilities. It should be mentioned, nevertheless, that in this engineering design stage, no support has been considered for the underground caving infrastructure; thus stability of galleries and drifts could be improved by support installation.
The numerical models developed for this project do not simulate the actual propagation of caving -rather they account for a front of 'broken' material that advances in time, as dictated by the given sequencing of excavation. In the next feasibility stage, it is recommended that caving propagation is better taken into account, e.g. by simulating evolution of the front using softening/strength reduction schemes.
